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The phosphatases are enzymes important to life hecause of their abilitv (o
hvdrolyze phosphate esters or to transfer phosphate from one organic group (o
another.  Phosphomonoesterases hydrolyze monoesters of phosphoric acid,

RO — POH, + H,O — ROII + H,PO),,

and are classified as acid- or alkaline-phosphatases depending on the pH at which
maximum activity occurs.  Other phosphatases hydrolvze diesters of phosphoric
acid, pyrophosphates, or metaphosphates ; unless otherwise stated, however, the
term “phosphatase” will hereafter he used to designate only phosphomonoesterases.
Constitutive enzymes are those always formed by cells, regardless of the medium
in which they are grown. Induced enzymes are those produced by an organism
only when it is exposed to a specific substrate: it then permits the organism to
utilize this substrate.  Repressible enzyvimes are those svnthesized only when the
concentration of a particular substance, a represser, becomes very low.

Phosphatases in algae have been reported by several workers recently.  Brandes
and Elston (1956), using histochemistry and electron micrography, reported the
alkaline phosphatase of Chlorella vulgaris 1o be localized at the cell surface.
Talpasayi (1962). studying the inhibition of acid phosphatases of algac by molyh-
denum, found that living cell suspensions showed more enzyvine activity than broken
cells.  Eppley (1962) found that several species of intertidal algae hydrolvze
pyrophosphate and assimilate a portion of it; most of the resulting orthophosphate
remained in the medium, however.  Galloway and Krauss (1963) found that
pyrophosphate induced the production of pyrophosphatase in Chlorella pyrenoidosa
cultures; cell walls from disrupted Chlorelle contained most of this enzyme,
Overbeck (1962) found that Chlorella pyrenoidosa cultures split pyrophosphate and
glycerophosphate. e also reported that Scenedesius quadricauda contained three
phosphomonoesterases and three pyrophosphatases hut they seemed to he inside
the cell rather than at the surface and the substrates did not penetrate the cell wall.
lLiving Scenedesmus did not assimilate pyrophosphite or phosphomonoesters rapidly
even after seven weeks in the presence of these substrates.  rice (1962) showed
that 2 mM phosphate was sufficient to repress svuthesis of the acid phosphatase of
Luglena gracilis.

Many species of algae are capable of obtaming phosphorus from esters in order
to sustain growth in the absence of orthophosphate (see review by Provasoli, 19538,
We found that many species of marine algae produce alkaline phosphatase when they

t Contribution No. 1326 from the Woods Hole Oceanographic Institution.
2 Supported by U. S, Atomic Energy Commission Contracts AT (30-1)-1918  and
AT (30-1)-3145.
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become phosphorus-deficient. This enzvine hydrolvzed dissolved phosphate esters
o or outside the cefl; the cell then absorbed only the phosphate 1on, leaving the
organic motety i the medium.

We are very grateful 1o Drs. R Re Lo Gallard, |0 Co Hellebust, and C. A\
Price for many stimulating discussions and suggestions.  Dr. Guillard also gener-
ously furnished the pure cultures of marine algae; the Chlamydononas reinhardi
culture was obtained from the Tarvard University laboratory of Dr. R. . Levine
through the courtesy of Miss J. Co Brungard.  We are also grateful to Drs. |0 1L
Ryther, R. Ro 1. Guillard, and Ao Torriam for reading and  eriticizing  the
anuscript,

MeTions

Stock axenie algal cultures were maintained in hali-strength Medivwm | (Gutlard
and Ryther, 1962) : 75 mg. NaNO,, 3 mg. Nall,PO, - H,O, 5 mg. FelEDT.\, 15-30
mg. Na,S10,-911,0, 100 pe. thimmine- HCL 0.5 pg. Biotin, 0.5 pg. vitamin B3,
10 pg. CuSO =510, 22 40 ZnSO, - 7H L0, 10 pe. CoCL,-011,0, 180 pg. MnCl,-41 1,0,
0.3 pg. Na.MoO 221,00 1 diter filtered sea water.  Chlamydomonas spp. were
furnished with N, Clinstead of NaNO, as the nitrogen source,  Stock cultures
were tested periodically for bacterial contamination by inoculating into sea water
medium containing 0.1 wyptone.  Phosphorus-deficient algae were produced by
growing them m sca water medium containing double the concentration of all the
above nutrients except phosphorus; it was reduced to 7 pd or less. Al cultures
were grown at 207 C. except Detonnla confervucea and Thalassiosira nordenskioldi
which were grown at 57 C. Cells were counted using a Spencer “Bright Line™ or
a Palmer counting chamber.  Cell dimensions were obtained with a calibrated
ocular micrometer and cell volumes were ealeulated by formulae for similar geo-
nietric solids (sphere, evlinder, ete.).

Cellular protein was measured by the Folin-Ciocalten phenol reagent by a
method that we modified from Lowry ef ol (1951).  Nlgal suspensions were
centrifuged for 5 minutes and the supernatant was discarded.  The cells were
resuspended i 5 mlof 1090 trichloroacetic acid (TCA) and held 10 minutes at
1007 C. to precipitate protein and dissolve nueleic acids and other acid-soluble
miaterial. The precipitate was centrifuged and washed twice with 5 b of 109%
TCA. The protein was redissolved in 0.5 wil. 1 N NaOll overnight, then 5 ml. of
Lowry's Reagent D (50 parts 29 Na,CO, plus 1 part 0.5 CuSO,-5HLO in 147
sodivni-potassimn tartrate : mixed fresh dailv) was added and the volume was made
up to 6 mlowith distilled water.  Nfter 10 minutes 0.5 mil. 1 N Folin-Ciocalten
plienol reagent was added and the absorbance at 750 my was read 30 minutes later
on a Beckman DU spectrophotometer. Protein standardization was performed on
bovine serum albumin by the Lowry ef al. (1931) procedure.

FEnzyme activity wias assayed by the rate at which nitrophenol accumulated
during hydrolvsis ol p-nitrophenyl phosphate (NPP?) at known livdrogen ion
concentrations. Fhe NP stock consisted of 0.1 g of NPP plus 2.5 g0 MgSO, in
50wl distitled water. The pH ovange 3.0 to 0.8 was covered by 11/ citric
acid-potassium citrate solutions and the range 7.2 (o 98 by 1 0/ Tris (hvdroxy-
methvhamino methane HCT solutions, The actnal pll value of hltered sea water
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containing these buffer solutions was measured with a Beckman Model 76 hydrogen
ion meter. For cach analysis, the algal culture: N PP stock :citrate buffer stock: auto-
claved-sea water diluent ratios were usually about 1:1:1:30. In order to obtain
adequate alkaline huffering however, it was necessary to use twice as much Tris,
giving 1:1:2:30 ratios. Unless otherwise noted, all measurements of enzyme
activity were performed on whole, living cells in darkness or dim light at 197-21" C.
After incubation, sufficient pH 10 Tris hutfer was added to the Tow pil samples to
hring out nitrophenol color (pl1 9) and the absorbance of nitrophenol was measured
in a Beckman DU spectrophotonmieter at 410 nip in T-cm. or 10-cim. cells. lunzyvime
activity was calculated from the nitrophenol-time regression : one " Unit™ represents
the amount of enzyme that causes a change in optical density of 0.001 per minute
in a l-cn cell.

The rate of assimilation of phosphorus by algae from glucose-O-phosphate
(G-6-P ). adenosine monophosphate (AMP ), and a-glycerophosphate (-G was
measured by periodically determining the phosphorus content of the algal cells. Two
ml. of cultures of phosphorus-deficient cells were added to & ml. of filtered, auto-
claved sea water (pH ~ &) containing 0.1-0.2 pmole of one of these three esters
in centrifuge tubes. Periodically, duplicate tubes were centrifuged for 5 nnnutes,
the supernatant was discarded, and the cellular phosphorus was deternined by
measuring the orthophosphate after hydrolysis in 0.55 N LSO, at 1407 C. for 5
hours (Ketchum ef al., 1955). Total phosphorus mitially present in the sea water,
the algal cultures, and the three substrates was measured the same way.  Inorganic
phosphate of sea water was measured by the method of Wooster and Rakestraw
(1951).

Rate of uptake of the glucose from G-6-1 was determined from the decrease n
radioactivity of a C'*-labeled solution. Ten pc. of the Ba salt of D-glucose-1-C*'-
G-phosphate were dissolved in 3 ml. distilled water and converted to the Na salt by
passage through a 7 % 30-mm. strong cation exchange column (Dowex 50) in the
Na* form: the columm was rinsed with 2 ml of distilled water.  This was diluted
1:100 to obtain a suitable count-rate and 0.25 ml. was added to centrifuge tubes
containing autoclaved sea water (pIll ~ 8), G-6-P carrier, and phosphorus-deficient
algae as described above.  Subsamples of this suspension were periodically cen-
trifuged and samples of the supernatant were dispensed (0.2-0.5 ml) onto planchets,
dried, and the C" counted with a windowless gas flow detector.  The same
volumes of the original whole suspension were also dricd, and the initial count rate
thus ohtained had geometry and scli-absorption factors similar to the supernatant
samples.

Restvrrs
Phosphatase synthesis by deficient alyace

Alkaline phosphatase is produced abundantly when algac are grown in a
phosphate-limited medium, or stated conversely, its production is repressed in
phosphorus-sufficient algae (Table ). In each species the enzyme activity of
P-deficient cells was at least 30 times greater than in cells limited by vitamins,
iron and trace metals, nitrogen, or silicon.  (Phacodactyhin has no requirement for
vitamins or silicon, nor Coccolithus for silicon; hence these experiments were
not performed.)
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Tanre |1

Fffect of nutrient linitation on production of alkaline phosphatase. Cultures were grown in Medium f
deficient in one of the 5 types of nutrients until cell numbers increased less than 10€; per day.
Enzyme activity (Units/ 107 eells) was measured at 20° 25° C. Al measurenents were
made at pH 8.0, although later it was found that this was not at the pl optimum

Jor the phosphatase of these species.

Nutrients Omitted : Thiamin Fe, Cu, 7n, N Si P
Biotin, Bie Co, Mn, Mo

Phaeodactylum tricornutuom 1.1 2.1 - 02
Cvclotella nana (clone 13 1) 1] 0.03 0.10 0.03 6.3
C. nana (clone 3H) 0 0.17 0.02 0.21 12
Skeletonema costatum 0.04 0.27 0.27 0.13 12
Coccolithus huxlevi 0.03 0.04 0 — 39

The low enzyme activities 1 -sufficient cultures are not the result of inhibition
of enzyme activity by phosphate in the medium.  In one experiment we measured
the phosphatase activity of Coccolithus hurleyi in the presence of various ortho-
phosphate concentrations and found a nearly linear inhibition of activity amounting
to 80% at 1.0 mld/. However, the initial phosphate concentration of Medimm f 1s
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Fraows 1 Changes incell numbers, protein content, and cnzyme «ctivity during growth
of a Phacodactylunm tricormution cultnre: 15 liters stirred by constant aeration: 2.5 w17
25 o300 fe illumination ; enzyme measnred at pll 9.7,
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only 72 pdl and the inhibition of enzyme activity should have only heen about 6%
even if no phosphate had been assimilated by the cells.  As discussed Dbelow, the
amount of phosphatase in a cnlture increases with tinme; thus, comparisons of the
alues for the different species in Table 1 are unwarrantable.
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Fieure 2. Changes in cell numbers, protein content, and enzyme activity during growth
of a Coccolithus huxleyi culture: 1 liter shaken several times daily: 3.7 M P: 20° C.; 300 f.c.
illamination ; enzyme measured at pH 9.7; phosphate added on day 7 increased the content
of the medimmn hy 25 x ) P,

Tine course of phosphatase prodiction

The production of alkaline phosphatase in lhacodactylum hegan when the
average cell still had enough phosphorus to divide at least once more, i.e., about two
days before cell division and protein synthesis stopped (Fig. ). Enzyme prodnc-
tion continued at a nearly linear rate at least 5 days alter the apparent halting of
net protein production.

The same pattern of initiation of enzyme production just before growth stopped
was repeated in two experiments with Coccolithus, the results of one being shown
in Figure 2. Repression of enzyme synthesis by phosphate was confirmed when this
nutrient was added to half of the culture on day 7, the remaining half representing
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a control.  Phosphate stopped enzyvime  production whereas cell numbers and
cellular protein inereased again at rates comparable to those on days 1 to 3.

The cellular phosphorus per unit volume of P-deficient marine algae ranged from
1 to 15 > 10 " mole I’ /p% i species of different sizes (Table 11).  Cellular protein
per umt volume, however, differed by less than a factor of 5 among these same
species.  Some variability in hoth P- and protein-content might arise from caleula-
tion of cell volhume, due to irregularity of cell shape and uncertamty as to the thick-
ness of the enveloping frustules, coccoliths, or cell walls. A\ large vacuole would
also tend to lower the amount of PP or protein per unit whole cell volume.  The
I Protein ratos calenlated from Table 11 were more nearly constant, from 230

Tasre Il

Cell volume, phosphoriis, protein, and maximunt observed rate of production of
phosphatase in phosphorus-deficient marine algae

Cell Cell Cell Enzyme
volume P protein production rate
ud cell) (107" mole, 'wd) (107H g w3 (10 dunits g?-day)

Chrysophyveeae
Isochrysis galbana 113 1.0 13 6
Cricosphaera carterae 1240 1.7 3.8 16
Coccolithus huxleyt 73 B2 ‘ 6.2 26
Bacillariophyeeae
Phaeodactylum tricornutin s 3.2 ‘ 3.7 10
Chaetoceros simplex 120 1.6 3.0 O
Thalussiosira fluviatilis 1300 2.9 74 10
Cyclotella caspia 210 3.3 7.0 0
C.onana (clone 13 1 140 3.4 10 0.2
C. nana (clone 3-H 83 27 7.8 2
C. cryptica 040 4.3 15 11
Nitzschia closterinm 84 15 10 §
Skeletoneina costatuii 160 8.0 12 0.5
Dinophyeeae
mphidinium carteri 600 2.9 10 0.4

1o 790 pmole /g0 protein. Some algae synthesized alkaline phosphatase much
[aster than others when compared on the basis of cellular volume (Table 11).
Further work will undoubtedly show conditions under which higher rates occur
in sonie of these algae, but repeated experiments indicate that, under our conditions,
there are obvious differences. Coccolithus, Cricosphacra, Phacodact vl and 7T
flziatidis repeatedly showed rapid enzyine production when phosphorus-deficient.

Opiinunu pll

The rate at which phosphorus-deficient algae hivdrolyzed NPP was markedly
pll-dependent. The graphs of five representative species (Fig. 31 show  that
stentficant enzyvine activity generadly extends one or more ptl units on either side
ol the peak. Some species have more than one peak. [t should be remembered that
the ubsolute height of the alkaline-phosphatase peak is a funetion of hoth the length
of time sinee the cells heeame 1 deficient and specific physiological factors. For this
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reason emphasis is not placed on the amount of enzyme of one species compared
to that of others.

Twenty-nine clones (at least 23 species) of marine algae were tested o
determine the pH at which their phosphatases were most active (Table 11T). Two
species had maxinuun rates less than 0.6 Unit/ml. of culture and are not included in
thetable.  All chrysophytes and chatoms ( Bacillariophyceae) had an abundant enzyme
with activity at pH 86 or higher. Detonnda had a shightly Ingher peak at pH 6
than at pH 9. but this might have only been the result of its lower metabolic ratc
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Frarre 3. Five examples of phosphomonoesterase activity from pH 3 to 10.

at 37 C.; the alkaline phosphatase activity presumably would overtake that of the
acid in another few davs. Thalassiosira nordenskioldii, the only other species
grown at 5° C.. was also relatively low in alkaline phosphatase, whercas 7.
Auwiatilis was similar to other diatoms.  The three clones of Rliodononas, although
originally isolated from different places. had almost identical pl graphs (see
example, Fig. 3) and showed clearly that large amounts of alkaline phosphatase
are not produced by Rhodomonas under these conditions.,  Their enzymes are
probably constitutive; a vepeat experiment with clone F-3A showed essentially
the same amount of alkaline phosphatase as the first.  The blue-green alga,
Oscillatoria, produced alkaline phosphatase, whereas Coccocliloris sp. (clone Syn)
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(not shown) did not.  Gymmodintune welsoni is interesting hecause both the acid
and the alkaline phosphatases more than doubled during four days of P-deficiency.
This is our only example of a phosphorus-repressible acid phosphatase. The two
species of Chilumydomonos were the only green algae with significant amounts of
alkaline phosphatase. Clone 0-3 was extremely rich; furthermore it had two
alkaline peaks, the second bemng 475 Units/ml at pll 8.6, The chlorophyte,
Dunalielle tertiolecta (not shown), was tested twice without acid or alkaline
phosphatase being detected. Pyramimonas was also tested twice.  Chilovella sp.

Fasre 111

The pIl optima of ulgal phosphatases. The clone designation of each of the algae is in parentheses after
the name. The habilat type from wlhich clones were oblained and isolated are: E, estuarine or rock
pool; N, neritic; and O, oceanic. One Unit/ml. is the enzyme activity per ml. of culture
that causes a change in O.D. of 0.001 per minute in « I-cm. cell.

pH Optima

Neid Alkaline " Habitat

Units ml. pll Units ‘ml. pll
Chrysophyecae i
Isochrysis galbana (1so) | 1.9 0.8 28 9.8 [

Monochrysis Lutheri (Mono) = - 8 9.7 D
Cricosphaera carterae (Cocco ) 3.9 6.8 23 8.0 AN
Coccolithus huxlevi (B1-6) 1.8 6.8 15 0.7 (&)
Bacillariophyceae
Phaeodactylum tricornutune (Phaco) : 26 9.7 3
Melosira sp. (T-3) 0.0 0.8 § 9.7 D)
Cyclotelle nana (311) : 2.0 9.8 g
C. cryplica (0-3.\) - 37 9.7 I
Detonula confervacea (1. con.) 1.1 6.0 0.7 9.0 I
Thalassiosira fluziatilis (ctin) 0.6 6.8 18 9.8 N\
1. nordenskioldii (‘1. nord.) . - 1.3 9.0 N\
Nitzschia closterium (N. clost.) 2.7 0.8 N\
Skeletonema costatum (Skel) 0.7 8.0 N
Chaetoceros sp. (simplex?) 1BBsm) 2.3 0.8 18 0.7 i 0O
Cyclotellu caspia (10-5) 1.5 6.8 12 9.8 (9]
C. nana (13-1) 1.5 9.8 (0]
Cryptophyvecac
Rlodomonas 12) (3C) 0.5 1.4 0.8 8.6 17
Rhiodonmonas (2) (1°-3.\) 0.5 4.4 0.0 8.6 D)
Rhodomonas lens (Rhodo) 0.0 ol 0.8 8.1 (9]
Cyanophyecac
Oscillatoria Woronichinii (Sm 2.4) 0.6 0.8 3.7 0.0 12
Dinophyceac
Amphidiniwm carters t Xmphi 1) 9 9.0 15
Gymnodiniwin nelsoni 1 GSBLL) 0.8 5.8 0.3 0.8 12
Chlorophyceae
Chlorella sp. 1580 8 0.8 DA
Stichococcus sp. (GS Sticho) 2.1 1.8 D
Pyramimonas sp. (Pyr 2y 0.9 1.8 \ i
Chlamydomonas sp. (O-5) 650 7.0 i I3
Chlamydomonas sp. (1-17) 7.5 8.0 &
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had more acid phosphatase than any other alga tested, but even this was low
relative to the alkaline phosphatases of many other species. Except for Gvumo-
dinium, acid phosphatase production did not seem to hegin when these algae hecame
P-dehetent as was reported in Euglena gracilis by Price (1962). The relative
constaney in the amount of acid phosphatase within the species tested (Table T11)
argues that these enzymies are constitutive. It 1s possible that the alkaline phos-
phatases found in only small amounts i certain algae are also constitutive ; further
study of these species is necessary.

The phenomenon of alkaline phosphatase production when phosphate-deficient
was found in algae from estuarine, neritic, and oceanic habitats (Table T11).

U ptake of phosphate esters

When P-deficient cultures were exposed to three different phosphate esters,
all esters were assimilated at the same rate by each algal species (Fig. 4). The
intercept at time-zero is the amount of phosphorus in the algae at the heginning of
cach experiment: the somewhat accentnated uptake during the first 5-8 minutes
simply reflects the amount of inorganic phosphate immediately available in the
diluting sea water.  The curves from 5 to 125 minutes represent uptake of
phosphorus from the esters. In ’hacodactylum the uptake rate remamed almost
constant during this time, even though at 124 minutes about 8097 of the Gi-6-1’
had bheen assimilated.  The initial levels of the other substrates were higher, and
such a high proportion was not assimilated during this period.  The amount of
phosphorus per Phacodactyhinr cell may be calculated  from  Figure 4. The
final value,

11 > 10 “mole /1.

— 19 % 15 5> [ ere
5.7 % T0° celis/I. 19 < 10 ¥ mole [ /cell,

is about T4 times higher than the imtial value, but three times less than maxinu
cellular-1 levels reported by Kuenzler and Ketchum (19602) and indicates that these
cells were still not saturated. I the other two species not more than half of cach
substrate was used.  The uptake rate decreased noticeably with time in Cricosphacra,
perhaps indicating that it is more quickly satiated.

The above experiments indicate that, instead of assimilating the whole ester, the
algae hiydrolyzed the ester extracellularly and took mn the phosphate.  One might
expect the uptake of whole glycerol phosphate, sugar phosphate, or nucleoside
phosphate molecules to proceed by different mechanisms and at different rates.
However, the remarkable similarity in rates of accumulation of phosphorus from
these three esters suggests that the rates were limited by a common mechanism.
Allkaline phosphatases of other organisms frequently hydrolyze more than one
phosphonionoester ( Stadtian, 1961 ), sometimes at similar rates (/2. coli; Torrian,
1960). Thus, the enzymatic hivdrolysis rate might have limited the rate of phos-
phorus uptake from these three esters. On the other hand, if sulficient phosphatase
were present, the phosphate assimilation rate would e the Tnniting factor.  The
phosphorus content of the hacodactylmn inoculated into each of the three esters
(IFig. 4) was 14 > 10 wole/cell.  Kuenzler and Ketchum (1962) found  the
phosphate uptake rate of Phacodactylum in an & ;3 solution to be of the order of
0.32 x 10 ¥ mole/cell-min. for two hours. These two values give an expected
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doubling time of cellular phosphorus of 4.4 minutes; cellular 17 actually doubled
more quickly than this in the initial period (Fig. 4) when the sea water phosphate
wias being assimilated.  The lower rate of P accumulation from the esters than
from the sea water phosphate suggests that insufficient phosphatase was present to
release phosphate as rapidly as the cells could accumulate it and. therefore, that
the ester hydrolysis rate was the imiting factor. The experiments were done at
about pll & although the phosphatases of these three species are more active at
higher pll values (Table 1111, Here, however, we were interested in the capa-
bilities of algae under approximately normal conditions rather than under conditions
optimal for one enzyime but possibly damaging to the whole, living cell.
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I1eere 4 Inerease m phosphorus content of three species of algae when exposed to three
phosphate esters. The mitial concentrations of G-6-P, AMDP, and -G were 12-14, 22 and
14 16 w3 P, respectively.
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Fioukre 5. The hydrolysis of C"-labeled glucose-6-phosphate by P-deficient Coccolithus
huvleyvi, Cricosphacra carteri, Thalassiosiva fluviatilis and Phacodactylwm tricornutum.  The
concentration of the glucose moiety in the medium was determined by measuring C* (dashed
lines) ; the concentration of phosphorus remaining in solution (solid lines) was determined by
the difference between the origial concentration and the amount measured chemically in the
cells.  Enzyme activity was measured with NPP at the same time in other portions of cach
culture; results are shown in parentheses ( Units/ml. of culture).

The following experiment showed that only the phosphate is assimilated and that
the organic part of the ester remains in solution.  \When C''-labeled G-6-1" was
mixed with four cultures of -deficient algae. radioactive carbon remained
solution while the phosphate was assimilated by the cells (15g. 5).  (The variability
in the C*' counts was probably caused by self-absorption and geometry vanability.)
The simplest explanation is that the phosphate was hydrolyzed extracellularly by
phosphatase and taken in. whereas the glucose never entered the cell at all. This
is substantiated by the general correspondence hetween the slopes representing the
decline of phosphorus in the medium and the phosphatase activity as measured
independently with p-nitrophenyl phosphate.

Location of the enzyime

Tlie alkaline phosphatase ol the two species studied more caretully, Coccolithis
hurlevi and Phacodactyhuom tricornutin, is tirmly attached rather than being in
solution in the cell. Repeated attempts on one or the other species, using sonication,
explosive decompression, osmotic shock., freezing and thawing. heating, or treatment
with lipase. cellulase. iso-hutanol, and various salt and buffer solutions, failed to
solubilize the enzyme.
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Rothstein (1934) discussed several eriteria that might indicate enzyme attach-
ment to a cell surface rather than to an internal organelle, and we have applied sone
of these criteria 10 our own data.  If the enzyme is located at the cell surface,
disrupted cells should show no more activity than whole cells and the pll responses
of disrupted and whole cells should be the same.  When we sonicated, then
centrifuged, cultures of Coccolithus Juerlexi and Chlamydouionas veinhardi, all the
enzyme activity was found in the pellet ; additionally, the activity of the pellet was
no more than that of whole, living cells.  Experiments with six other species
(Table 1\") showed that little of the enzyvime activity was in solution either hefore
or after sonication.  [lere, too, except {or Cricosphaera, there was 10 increase in
enzyme activity after distuption of the cell structure.  In Coccolithus the activity
of cach ptl hetween 7.7 and Y.7 was approximately the same in sonicated as in
mtact cefls. s already discussed, identical rates of assimilation of P from G-6-1",

TasLe 1V

Alkaline phosphatase (Units/ml. of culture) in cells and filtrate before and after sonication.
The cells were sonicated at 0° C.in 5 N NaCl

Whole culture Sonicated culture
Cells .
L Cells Filtrate - "
Before After )
Phaeodactylum tricornutum 904 9.0 83 80 9.2
Cyclotella eryptica 30 0 52 38 0.1
Chaetoceros simplex 73 0 72 38 0.
Thalassiosira fluviatilis 044 1.6 74 SU 0.24
Isochrysis galbana 130 0 103 70 0
Cricosphaera carterae 1+1 0 119 201 0

AMP. and oGP omore likely result from hydrolysts at the cell surface than from
identical rates of transport of the whole molecules into the cells. Fmally, the
nitrophenol resulting from hydrolysis of NPP was found in solution, just as the
C' from labeled G-0-P stayed in solution (Fig. 6); these facts are more readily
explained by extracellular hydrolvsis of non-penetrating substrates than by -
mediate excretion of nitrophenol, labeled glucose, or labeled CO, following intra-
cellular hyvdrolvsis. Our evidence for cell-surface enzymatic activity in algae agrees
with that of Brandes and Klston (1950, Talpasavi (1962), Galloway and Krause
(1963, and Overbeek (1962) already mentioned in our introduction,

DriscrssioN

It appears that the alkaline phosphatases of marine algae may cnable them to
regenerate phosphate from organic sources and thus circumvent  heterotrophic
regeneration. In general, heterotrophs may he expected to hydrolyze phosphate
esters inorder to obtain the energy hound in the organic motety, whereas autotrophis
with abundant energy available from sunlight would only need the inorganic phos-
phate radical. There are similaritics, however, between phosphatases of veasts and
bacteria and those of algac.  Suomalainen of «l. (1900) reported that both the acid
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and alkaline phosphatases of baker's veast increased markedly with phosphorus
starvation. From comparisons of enzyme activity of whole cells to that of dried.
freeze-thawed, or cytolvzed cells, they concluded that the acid phosphatase was
mostly at the cell surface and the alkaline phosphatase was mostly internal. In
the bacterium, Escherichia coli, Torriant (1900) found that the acid phosphatase
was alwavs present (Le., constitutive), whereas alkaline phosphatase synthesis was
repressed by phosphate.  Malamy and Horecker (1961) removed the cell walls
from £. coli with lysozyme and reported that these protoplasts lost most of their
alkaline phosphatase activitv. They suggested that the enzyme lies outside the cell
membrane.  Yeasts and hacteria, therefore, also have a means of hydrolvzing
phosphate esters extracellularly, especially when P’-deficient.

The ability to produce phosphatases that act on extracellular substrates may
give some algae a competitive advantage over other species when phosphate in
sea water 1s less abundant than dissolved organic phosphorus. [t is probable that
these phosphatases not only hydrolyze but also immediately transfer the phosphate
to an acceptor in the cell.  Such a transfer would improve the recovery efficiency
and increase the competitive advantage even more.  The components of the dis-
sotved organic phosphorus pool in the sea are still completely unknown, but un-
doubtedly some of the compounds are phosphomonoesters.  Kuenzler ef al. (1963)
reported that P-deficient Phacodactvh tricornutim could rapidly obtain more
phosphorus from natural sea water than was present as orthophosphate, and con-
cluded that the difference came from dissolved organic phosphorus compounds.

We have tried to learn the characteristics of the phosphatases of whole algae and
the resulting capabilities for the living cells. In this regard, experiments on enzyme
activity at very high or very low pll (Fig. 3) are not very meaningful because such
conditions are abnormal in the sea and often lethal in cultures.  Sea water usually
has a pH of 8 or higher where active photosynthesis is occurring, and it seems
significant that the phosphatases synthesized can hydrolyze esters at sea water pli.
Constitutive internal phosphatases can be expected to have optuma suited to
particular pH values of various sites within the cell.

It 1s possible that the ratio of phosphatase to cell volume, protein, or chlorophyll
in natural phytoplankton populations can give direct information about their
nutrient status. The fact that phosphate is undetectable in sea water does not
prove that the natural phytoplankton population is phosphorus-deficient.  The limit
of chemical detectability is not vet as low as the limit of assimilability by algae
(Kuenzler and Ketchum, 1962). IFrom Tables II and ITT we would guess that
samples of phytoplankton dominated by chrysophytes and diatoms are phosphorus-
deficient if the alkaline phosphatase activity is greater than 10 X 10-% Units/p® of
cells, 7.c., two days' production of this enzyme at a rate of 5 X 10°° Units/p*-day.
We have been able to detect alkaline phosphatase in the particulate matter of some
samples of natural sca water. More analvses must be done, however, hefore we
can draw conclusions about the phosphate nutrition of the plankton from enzyme
measurements.

SUNMIARY

1. Phosphate-repressible alkaline phosphatases were found in axenic cultures of
marine algae, especially Chrysophyceae and Bacillariophyceae.  Enzyme synthesis
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started when the algae becane phosphorus-deficient and stopped if phosphate was
restored to the medinm.

2. Maximal enzyme activity wis nsually above pll 9, bhut significant activity
was also present at ordinary sea water pll, approximately pH 8.

3. The phosphatases enabled algae to split glucose-6-phosphate; the phosphate
was quickly assimilated but the glucose moiety remained mn the mediunm.  Algae took
phosphorus from adenosine monophosphate and a-glycerophosphate at the same
rate as from glucose-O-pliospliate,

4. The phosphatases appear to be firmly bonnd near the cell surface.  They may
enable deficient algae to regencrate phosphate from soluble organic phosphorus
compounds present in natural sea water.
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